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(54) Enhanced mobility MOSFET device and method 

(57) An enhanced moctfty MOSFET device (10) 
comprises a channel layer (12) formed on a monocrys- 
taline silicon layer (11). The channel layer (12) com- 
prises an alloy of siBcon and a second material with the 
second material substitutional present in siicon lattice 
sites at an atomic percentage that places the channel 
layer (12) under a tensie stress. 
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Description 

Background of the Invention 

This invention relates, in general, to semiconductor 
devices, and more particularly, to semiconductor devices 
having enhanced carrier mobifty. 

Metal oxide seniiconductor field effect transistor 
(MOSFET) devices are well known and widely used in 
the electronics industry. The carrier mobifty of a MOS- 
FET device is an important parameter because of its 
direct influence on output current and switching perform- 
ance. In standard MOSFET technology, the channel 
length and gate dielectric thickness are reduced to 
improve current drive and switching performance. How- 
ever, reducing the gate dielectric thickness can compro- 
mise device performance because of the associated 
increase in intrinsic gate capacitance. 

In silicon MOSFET devices, it has been shown that 
a buried channel region under compressive stress con- 
sisting of a siicon/germanium (Si^xGex) alloy, bounded 
above and below by silicon regions, enhances hole car- 
rier mobiity in the channel region. This is because the 
holes are confined to the channel region by the potential 
energy offset between the surrounding silicon regions 
and the Si 10( Gex channel region. Such strained devices 
are shown in U.S. Patent No. 5,241,197 issued to 
Murakami et al., and U.S. Patent No. 5,241,197 issued 
to Solomon et al. 

Buried SiYxGex channel devices have several ofe- 
advantages including increased alloy scattering in the 
channel region that degrades electron mobifty. no favo- 
rable conduction band offset thus minimally enhanced 
electron mobility, no higher carrier velocities than sficon, 
and the need for large Ge concen trati o ns to produce 
strain and thus enhanced mobiity. Large Ge concentra- 
tions result in greatly reduced layer thicknesses and 
processing temperatures. The reduced processing tem- 
peratures adversely affect dopant activation and gate 
oxide processing. 

Silicon devices with channel regions under a tensie 
stress are desirable because the tensile strain results in 
both hole and electron mobility enhancement and 
increased carrier velocity compared to silicon. One 
reported approach uses a strained silicon surface chan- 
nel region with a relaxed SiojGeo^ alloy layer below the 
silicon channel region and a Si^xGex (X=5-30%) buffer 
layer below the Siq jGeo 3 alloy layer. One advantage of 
this approach is the elimination of aHoy scattering in the 
channel region. However, this approach has a disadvan- 
tage in that the strained channel layer is at the surface 
and is thus susceptible to surface scattering effects that 
reduce mobility. It is also susceptible to hot carrier deg- 
radation and noise problems. In addition, the approach 
requires alloy relaxing and buffering layers, which 
increases process complexity and costs. 

Another reported approach uses a strained Si v 
xGe x channel layer formed on a relaxed Si^yGey layer 
(where Y>X) with a silicon layer above the strained Si^ 



xGe x channel layer and a silicon layer below the relaxed 
Sit.yGey layer. This structure has several disadvantages 
including the migration of carriers out of th strained Sit. 
xGex channel layer into th relaxed Si^y^ey alloy layer 

5 thus reducing the enhanced mobiity effect, greater aHoy 
scattering effects because of the presence of germa- 
nium in the channel layer, and added process complexity 
because of multiple SK3e layers. 

As is readily apparent there exists a need for a 

w MOSFET device that has enhanced electron and hole 
mobility, that is less susceptible to aloy scattering 
effects, that is less susceptible to surface scattering 
effects, and that does not require alloy relaxing and/or 
buffering layers. 

15 

Summary of the Invention 

Briefly stated, an enhanced mobility MOSFET 
device comprises a carrier transport region formed on a 

20 morx)crystalline sTkxxi layer of a first conductivity type. 
The carrier transport region comprises an aloy of stfcon 
and a second material, wherein the second material is 
present in the carrier transport region at an atomic per- 
centage such that the carrier transport region is under 

25 tensie stress, A source region and a drain region of a 
seccfid conductivity type exterd into the earner trartsport 
region. A portion of the carrier transport region separates 
the source region and the drain region. A control elec- 
trode is etectricatfy insulated from the carrier transport 

90 region and is cfsposed between the source region and 
the drain region. 

A method for making an enhanced mobffity MOS- 
FET described herein comprises forming a carrier trans- 
port region on a first conductivity type monocrystaline 

35 silicon layer. The carrier transport layer comprises an 
alley of silicon and a second material. The second mate- 
rial is present in the carrier transport region at an atomic 
percentage that places the carrier transport regkxi under 
tensie stress. A gate dielectric layer is formed on a por- 

40 tion of the carrier transport region. A control electrode is 
formed on the gate dielectric layer. A source region and 
a drain region having a second conductivity type are 
formed such that they extend at least into the carrier 
transport region and the portion of the carrier transport 

45 region is between the source and drain regions. 

Brief Description of the Drawings 

FIG. 1 is an enlarged sectional view of an embodi- 

50 ment of the present invention; 

FK3L 2 is an energy band diagram of the embodiment 
of FIG. 1 under zero gate bias; 
FIG. 3 is an enlarged sectional view of another 
embodiment of the present invention; 

55 FIG. 4 is an enlarged sectional view of an additional 
embodiment of the present invention; and 
FK3L 5 is an enlarged sectional view of a further 
embodiment of th present invention. 
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Detailed Description of the Drawings 

FIG. 1 illustrates an embodiment of a MOSFET 
device 10 having enhanced carrier mobility according t 
the present invention. Carrier transport region or channel 
layer 12 is formed on a monocrystalline silicon layer 1 1 . 
Channel layer 1 2 comprises an aDoy of silicon and a sec- 
ond material. Monocrystalline silicon layer 11 has an n- 
type conductivity lor p-channel devices and a p-type con- 
ductivity for rvchannel devices. The second materia] is 
substitutionary present in channel layer 12 lattice sites 
arxi is rjresert at an atornic percentage suc^ 
layer 12 is under a tensile stress compared to monoc- 
rystalline silicon layer 1 1 or a crystal consisting of siScon. 
Preferably, channel layer 12 is not doped with acceptor 
or donor impurities. 

MOSFET device 10 further comprises epitaxial 
sertikx)nductororepftaxialk 

layer 12. Preferably, epitaxial layer 13 comprises sificon 
and is on the order of 50 angstroms thick. A source 
region 14 and a drain region 16 extend through epitaxial 
layer 13 and at least into channel layer 12. Preferably, 
source region 14 and drain region 16 extend through 
channel layer 12 into rronocfystaJlinesflioon layer 11. A 
portion of channel layer 1 2 is between source region 1 4 
and drain region 16. A control or gate electrode 18 is 
electrically insulated from epitaxial layer 13. Preferably, 
gate electrode 18 is electrically insulated from epitaxial 
layer 13 with gate dielectric layer 17. Gate dielectric layer 
1 7 preferably cornprises an oxide and has a thickness in 
the range from 30 to 125 angstrom s . A source electrode 
19rsfonriedc<iapcrtioncrfsc>urcereojon 14 and a drain 
electrode 21 is formed on a portion of drain region 16. 

FIG. 2 is an energy band diagram of the erntxxfment 
of FK3L 1 under a zero gate bias and illustrates the effect 
of strain induced band spotting on channel layer 12. FIG. 
2 shows the relative relationship between valence band 
22 and conduction band 23 in epitaxial layer 13. channel 
layer 12. and monocrystalline silicon layer 11. When 
channel layer 12 is under tensile stress, valence band 
edge or interface 24 in channel layer 12 splits and in 
effect, moves up in energy level toward conduction band 
23. In adrJtion, conduction band edge or interface 26 
softs and in effect, moves down in energy level toward 
valence band 22. This results in a channel layer bandgap 
27 that is narrower than monocrystalline siicon layer 
bandgap 28 and epitaxial layer bandgap 29. The offset 
or narrowing of channel layer bandgap 27 in effect cre- 
ates a potential well that traps holes and electrons within 
channel layer 1 2. Also, the above effect results in channel 
layer 12 having energy levels preferentially populated 
with holes and electrons with reduced effective carrier 
masses. This in turn enhances free carrier mobcSty in 
channel layer 12 when the appropriate gate bias is 
appfied to gate electrode 18. 

A channel layer under tensile stress is preferred over 
a channel layer under compressive stress because ten- 
sil stress provides greater conduction band splitting In 
addition, lower effective carrier masses are predicted 



with films under tensile stress compared to films under 
compressive stress. Thus, a channel layer under tensile 
stress provides enhanced mobfl rty for both electron and 
hole carriers and supports the fabrication of enhanced 
5 mobility complementary p-chamel and n-channe! 
devices. 

As shown in U.S. Patent No. 5.360.986. issued to J. 
Candelaria and assigned to Motorola Inc.. hereby incor- 
porated herein by reference, carborKtoped siicon is an 
10 alloy or material that is suitable for channel layer 12. In 
a preferred ernbocSment channel layer 12 comprises a 
carbon-doped silicon or Si 10 rCx alloy where carbon is 
the second material, the carbon is present in substitu- 
tional silicon lattice sites, and X preferabry is I ess than or 
is equal to 0.02. Preferably. X is in the range of approxi- 
mately 0.005 and 0.016. 

Preferably, channel layer 12 has a thickness on the 
order of 100 to 200 angstroms when X is on the order of 
0.02 to 0.005 respectively. The thickness of channel layer 
20 12 is adjusted according to the atomfo percentage of car- 
bon present When channel layer 12 comprises a Slj. 
xCx alloy, epitaxial layer 13 preferably comprises silicon 
and has a thickness in the range from 50 to 100 ang- 
stroms. 

25 A carbon-doped silicon channel layer is preferred 
over a gerrraniurrKtoped sCcon channel layer because 
a carbon-doped channel layer has a lower aJoy/carrier 
scattering effect This is because the relative size differ- 
ence between carbon and gennanium atoms allows one 

30 to use a much reduced (on the order of 1 1 to 1) amount 
of carbon compared to germanium to achieve similar 
strain magnitudes (although opposite in sign). Because 
a carborKtoped sificon channel layer has a reduced 
alloy/carrier scattering effect compared to a similarly 

as strained germanium-doped silicon channel layer, earner 
mobility, particularly electron mobility, is additionally 
enhanced. Furthermore, because channel layer 12 in 
MOSFET device 10 is buried, that is, bounded by epitax- 
ial layer 13 and monocrystalline silicon layer 11. MOS- 

40 FET device 10 is less susceptWe to surface scattering, 
hot carrier degradation, and noise effects. 

When channel layer 12 comprises a Si^xCx alloy, 
epitaxial growth or chemical vapor deposition techniques 
are used to form channel layer 12. An acetylene, ethyi- 

45 ene, propane, or methane carbon source is used, for 
example. After natr/^V. as shown in U.S. Patent No. 
5.360.986. a siicon layer is formed, carbon is ton 
implanted into the silicon layer, and the carbon-doped 
silicon layer is heated to induce solid phase epitaxial 

so regrowth of the carbon-doped siDcon layer to form chan- 
nel layer 12. Alternatively, molecular beam epitaxy, met- 
alto organic chemical vapor deposition (MOCVD). or 
ultra-high vacuum chemical vapor deposition (UHVCVD) 
is used to form channel layer 12. 

55 In a preferred embodiment for forming MOSFET 
device 10 having a p-channe! configuration and a car- 
bon-doped channel layer, monocrystalline siicon layer 
11 having an n-type conductivity is selectively formed on 
or in a p-type substrata Channel layer 1 2 comprising car- 
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bon-doped silicon is then formed over th undoped sili- 
con layer. Next, epitaxial layer 13 comprising either n- 
type doped or undoped silicon and having a thickness 
onth order of 50 to 100 angstroms is formed over chan- 
nel layer 12. Preferably, the undoped siicon layer, chan- 
nel layer 12, and epitaxial layer 13 ar formed in a single 
epitaxial growth step. 

A silicon oxide layer having a thickness in the range 
from 60 to 80 angstroms is then deposited or grown on 
epitaxial layer 13. Next, an iivsitu doped n-type polysHi- 
con layer is formed over the siicon oxide layer. The n- 
type polysificon layer and the silicon oxide layer are then 
selectively patterned to form gate electrode 18 and gate 
dielectric layer 17 respectively. Next p-type dopant is 
selectively incorporated into epitaxial layer 1 3. The struc- 
ture is then heated to activate the p-type dopant to form 
source region 14 and drain region 16. Standard MOS- 
FET processing is then used to complete MOSFET 
device 10. To form MOSFET device 10 in an n-chamel 
configuration, the dopant conductivity types are 
reversed. 

FIGS. 3-5 ilustrate alternative embodiments of an 
enhanced mobirty MOSFET device according to the 
present invention. MOSFET device 30 shown in FIG. 3 
is similar to MOSFET device 10 except MOSFET device 
30 does not have epitaxial layer 13. MOSFET device 30 
has an enhanced mobiSty as described above but is 
more susceptible to surface scattering effects because 
of the interface between channel layer 12 and gate die- 
lectric layer 17. However, the carrier mobility of MOSFET 
device 30 is stil enhanced when compared to a similarly 
constructed non-stressed sificon channel MOSFET 
device. 

MOSFET device 40 shown in FIG. 4 is similar to 
MOSFET device 10 wim the adoltkxi of nxxfolation dop- 
ing or nxxiutation layer 41 formed within rroncKxystaflira 
siicon layer 11. A portion 43 of monocrystaline silicon 
layer 11 separates modulation layer 41 from channel 
layer 12. Portion 43 preferably has a thickness on the 
order of 50 to 100 angstroms. Modulation layer 41 is of 
the same conductivity type as source region 14andoVain 
region 16. Modulation layer 41 has a higher dopant con- 
centration than the dopant concentration of monocrys- 
talPne silicon layer 11 and rs of an opposite conduct .ity 
type than monocrystaline siicon layer 11. Preferably, 
modulation layer 41 has a thickness in the range from 
100 to 200 angstroms. 

Modulation layer 41 is formed on portion 42 of 
monocrystalline siicon layer 11 using epitaxial growth or 
chemical vapor deposition (CVD) techniques. Portion 43 
of monocrystalline siicon layer 1 1 is then formed on 
modulation layer 41 using epitaxial growth or CVD tech- 
niques. Portion 43 of moncKaystaHine silicon layer 1 1 can 
be doped n or p-type by using ion implantation and/or 
diffusion techniques, depending upon whether MOSFET 
device 40 is a p-channel or an n-chamel device respec- 
tively. Preferably, modulation layer 41 and portion 43 of 
monocrystalline siicon layer 1 1 are formed sequentially 
in a single in-situ process sequence. 



MOSFET device 50 shown in FIG. 5 is simiar to 
MOSFET device 10 with the addition of insulating layer 
or region 51 to form a semiconductor-on-insulator (Hill) 
device. Insulating layer 51 preferably comprises siicon 

5 oxide and is formed using oxygen ion implantation or 
other techniques. Insulating layer 51 preferably is formed 
before channel layer 12 and epitaxial layer 13 are 
formed. Alternatively, insulating layer 51 is formed on a 
supporting substrate (not shown), a rnonocrystalne si- 

10 icon substrate is then bonded to insulating layer 51 . and 
the rncnocrystaJline siicon substrate is thinned to the 
desired thickness to form monocrystaline siicon layer 
11. Preferably, insulating layer 51 is spaced a distance 
52 of 500 to 600 angstroms from channel layer 12. 

is When insulating layer 51 is used with MOSFET 
device 30 (FIG. 3), insulating layer 51 preferably is 
spaced on the order of 1000 angstroms below channel 
layer 12. When insulating layer 51 is used with MOSFET 
device 40 (FIG 4), insulating layer 51 preferably is 

20 spaced on the order of 100 to 200 angstrorns b^tow mod- 
ulation layer 41 . 

By now it should be appreciated that there has been 
provided an enhanced mobirty MOSFET device. By 
forming a carrier transport region on a rncnocrystaline 

25 sificon layer, where the carrier transport region com- 
prises an alloy of siicon and a second material, and 
where the second material is present in the carrier trans- 
port region at an atomic percerrtag e that places the car- 
rier transport region under a tensile stress, enhanced 

so carrier mobirty is achieved. 

Also, by placing the carrier transport region under 
tensie stress* greater conduction band splitting is 
achieved compared to a carrier transport region under 
compressive stress thus providing enhanced mobifty for 

35 both electron and hole carriers. This supports the fabri- 
cation of enhanced mobifity conx^ementary n-channel 
and p-channel devices. 

InadrJtion, by adding an epitaxial layer over the car- 
rier transport region, a buned structure is provided that 

40 is less susceptible to surface scattering, hot carrier deg- 
radation, and noise effects. 

Furthermore, when the carrier transport region com- 
prises carbon-doped siicon, reduced alloy scattering is 
achieved compared to similarly strained carrier regions 

45 comprising g^rmaniunvdoped sificon. Also, when the 
carrier transport region comprises carbon-doped silicon, 
a carrier transport region under tensile stress is achieved 
without using a relaxed alloy layer. This reduces process 
complexity and costs. 

50 

Claims 

1. An enhanced mobiBty MOSFET device comprising: 
a monocrystalline silicon layer (1 1) of a first 
55 conductivity type; 

a carrier transport region (12) formed on the 
monocrystalline siicon layer (11), wherein the car- 
rier transport region (12) comprises an aloy of sii- 
con and a second semiconductor material, and 
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wherein the second semiconductor materia] is sub* 
stitutionally present in carrier transport region (12) 
lattice sites at an atomic percentag such that th 
carrier transport region is under tensile stress; 

a source region ( 1 4) of a second conductivity s 
type extending into the carrier transport region (12); 

a drain region ( 1 6) of the second conductivity 
type extend ng into the carrier transport region (12). 
wherein a portion of the carrier transport region (12) 
is between the source region (14) and the drain w 
region (16); and 

a control electrode (18) electrically insulated 
from the carrier transport region (12), wherein the 
control electrode (18) is disposed between the 
source region (14) and the drain region (16). is 

2. The device of claim 1 further comprising: 

an epitaxial layer (13) of the first serriconduc- 
tor material disposed between the carrier transport 
region (12) and the control electrode (18). wherein so 
the source region (14) and the drain region (16) 
extend through the epitaxial layer (13) into at least 
the carrier transport region (12). 

3. The device of claim 1 wherein the carrier transport ss 
region (12) comprises a Si^xPx alloy. 

4. The device of claim 3 wherein X is less than or equal 
to 0.02. 

30 

5. A MOSFET structure having a buried rartxxvdoped 
silicon channel region comprising: 

a channel layer (12) comprises a Si vx Cx 
aOoy formed on a mortocrystalline silicon layer (1 1 ) 
crfafirstcc^xiK^rvttytype, wherein carbon is present 35 
in the channel layer (12) in substitutional lattice sites 
so that the channel layer (12) is under tensle stress; 

an epitaxial silicon layer (13) formed on the 
channel layer; 

a source region (14) of a second conductivity 40 
type extending through the epitaxial sificon layer (13) 
arid at least into trie enamel layer (12); 

a drain region (16) of the second conductivity 
type extending through the epitaxial silicon layer (1 3) 
and at least into the channel layer (12), wherein part 45 
of the channel layer (12) separates the source region 
(14) from the drain region (16); 

a gate dielectric layer (1 7) formed on the epi- 
taxial siioon layer (13) at least between the source 
region (14) and the drain region (16); and so 

a gate electrode (18) formed on the gate die- 
lectric layer (17). 



icon layer (13) has a thickness on an order of 50 ang- 
stroms. 

7. Th structur of daim 5 further comprising an insu- 
lating region (51) disposed below the monocrystal- 
Sne silicon layer (11). 

8. The structure of claim 5 wherein the monocrystaline 
silicon layer (11) indudes a modulation layer (41) 
disposed within the monocrystaJline siicon layer 
(1 1). wherein a portion of the rrtonocrystaMtne sificon 
layer (11) separates trie modulation layer (41) from 
the channel layer (21). and wherein the modulation 
layer (41) is of the second conductivity type, and 
wherein the modulation layer (41) has a dopant con- 
centration that is higher than dopant concentration 
in the mcoocrystaJfine silicon layer (1 1). 

9. A method for making an enhanced mobility MOS- 
FET device comprising the steps of: 

forming a carrier transport region (12) on a 
first conductivity type monocrystaline siicon layer 

(11) . wherein the carrier transport region (12) com- 
prises an aloy of the silicon and a second semicon- 
ductor material, and wherein the second 
semiconductor material is substitutionary present in 
carrier transport region (1 2) lattice sites at an atomic 
percentage that places the carrier transport region 

(12) under tensfle stress compared to the first con- 
ductivity type monocrystaline sificon layer (1 1); 

forrringanerjitaxiaJserficor^ 
over the carrier transport region (1 2); 

forming a gate dielectric layer (1 7) on the epi- 
taxial semiconductor layer (13) above a portion of 
the carrier transport layer (12); 

forming a control electrode (18) on the gate 
dielectric layer (17); 

lorming a source region (14) of a second con- 
ductivity type extending through the epitaxial semi- 
conductor layer (13) at least into the carrier transport 
region (12); and 

forming a drain region (16) of the second con- 
ductivity type extending through the epitaxial semi- 
conductor layer (1 3) at least into the carrier transport 
region (12), wherein the portion of the carrier trans- 
port region (12) is between the source region (14) 
and the drain region (16). 

10. The method of daim 9 wherein the step of forming 
the carrier transport region (12) includes forming a 
carrier transport region (12) comprising a Si^xCx 
alloy, wherein X is less than or equal to 0.02. 



6. The structure of claim 5 wherein X is less than or 
equal to 0.02. and wherein the rrwnocrystalline sili- ss 
con layer (11) has a thickness on an order of 1000 
angstroms, the channel layer (12) has a thickness 
on an order of 100 angstroms, and the epitaxial sil- 
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